Abstract-Asynchronous circuit implementations operating under strong constraints (DIMS, Direct Logic, some of NCL gates, etc.) are attractive due to: 1) regularity; 2) combined implementation of the functional and completion detection logics, what simplifies the design process; 3) circuit output latency is based on the actual gate delays of the unbounded nature; 4) absence of additional synchronization chains (even of a local nature). However, the area and speed penalty is rather high. In contrast to the state-of-the-art approaches, where simple (NAND, NOR, etc.) 2-input gates are used, we propose a synthesis method based on complex nodes, i.e., nodes implementing any function of an arbitrary number of inputs. Synchronous synthesis procedures may be freely adopted for this purpose. Numerous experiments on standard benchmarks were performed and the efficiency of the proposed complex gate based method is clearly shown. DIMS and Direct Logic based asynchronous designs are considered in the paper.
INTRODUCTION
The asynchronous logic is classified depending on the mode of interaction with the environment. In the inputoutput mode, the environment is allowed to change the input state once a new output state is produced. There is no assumption about internal signals and the environment is allowed to change the input state before the circuit is stabilized in response to the previous input state. In the fundamental mode, the logic operates based on the following discipline: the environment changes the input state once the output state has changed in response to the current input state and each gate inside the circuit is stable. The design methodology assumes either bounded or unbounded gate and wire delays.
In case of bounded delays, the moment when the environment may change the input state is estimated based on the worst-case propagation delay [1] . Within this model, only one input signal can be changed at a time. In [2] , the generalized fundamental mode was proposed. Here multiple input changes are allowed during a narrow time interval. For such a mode, the method of hazard-free two-level implementation was proposed [3] . The multi-level (hazard not increasing) transformation is applied to optimize the implementation [1, 4] . Methods of hazard-free technology mapping were proposed in [5, 6] .
In case of unbounded delays, the circuit should be able to recognize the moment when input and output states have changed. For this purpose, both inputs and outputs are implemented using a dual-rail encoding. A four-phase behavior discipline is supposed: to change an input state, the environment should reset it first (change to so called space state). As a result, the output state is reset too. After that the environment sets a new input state. It implies a new output state. The behavior rule is based on Seitz's strong or weak constraints [7, 8] . Under the strong constraints, each output changes its state only when all inputs have changed their state. Under the weak constraints, some outputs are permitted to change their state when some (not all) inputs have changed their state. In both cases, output signals also serve as the completion detection ones and indicate the moment when both internal and output signals become stable. The dual-rail implementation under the four-phase discipline is based on Delay-Insensitive Minterm Synthesis (DIMS) technique [9] . Within it, a function is implemented as a two-level structure with C-elements on the first level and an OR gate on the second one. A similar approach [10] is based on using threshold functions (Null Convention Logic-NCL). However, NCL circuits are designed based on 27 library gates that capable of implementing any function of four or less inputs [25] . Although in the single-rail logic most of gates operate under the weak constraints, in dual-rail logic some gates (for example, ab + bc + ad) can be implemented under the strong constraints (supposing c and d be complements of a and b, respectively). In case of a dual-rail logic, each literal is considered as a separate variable. Therefore, not any single-rail function of more than two inputs can be implemented in NCL; the feasibility of a function implementation depends on the number of literals in its dual-rail representation.
The DIMS cost is very high since the term minimization is not allowed. Therefore, 2 k minterms (where k is the number of C-element inputs) must be generated to implement each function's positive and negative forms and each minterm is implemented using a k-input C-element. Finally, a C-element is more complex than a simple gate. The implementation of the two-level C-OR logic as a single CMOS gate (Direct Logic) significantly reduces the area [11] .
To reduce the area further, implementations were proposed based on a separation of the functional and completion detection logics [12, 13] . The drawback is that the signals from the node outputs should be brought up to a single point (a completion detection block), which may result in routing problems. In [12] , the circuit is decomposed into a network of simple gates (NAND, NOR, etc.) and each such a gate is doubled to ensure monotonicity and proper completion detection. Compared to the synchronous implementation, the circuit cost doubles.
In [14] , a method was proposed where the initial function is decomposed into a single-rail network of two-level AND-OR nodes first. Then the network is transformed into a dualrail one, to ensure monotonicity and hazard-free implementation. Although the approach slightly increases the complexity of the functional logic, the completion detection logic complexity reduces significantly, since the number of nodes that should be supplied with the completion detection signals is less than in [12] . As a result, considerable improvement in sense of the total complexity is obtained.
Desynchronization [15] is a modern paradigm that is based on adopting synchronicity to the asynchronous logic design. If bounded delays are supposed, matched delays are introduced for the synchronization purpose. In the case of unbounded delays, separate completion detection logic should be present to indicate the circuit stability [12] . As mentioned, the latter doubles the circuit complexity. A network of local controllers is designed to provide proper local synchronization signals. It results in an additional area penalty. Finally, the circuit is equipped with output latches and a new output state is available only once a latch signal enables.
The asynchronous logic operating under the strong constraints benefits from the regularity and combined implementation of the functional and completion detection logics, which simplifies the synthesis process. The circuit output latency is based on actual gate delays of the unbounded nature. Furthermore, additional synchronization chains (even of a local nature) are not required.
The regularity and simplicity make the approach attractive for fast prototyping into conventional reconfigurable logic. It is based on the developing Muller gate library [16] . However, the area and speed penalty is rather high. Although DIMS and Direct Logic implement any function of a given number of inputs and NCL library gates implement any function of four or less inputs, the stateof-the-art methods are based on the initial representation as a Boolean network of the simple gate logic (NAND, NOR, etc.) and further implementation of each gate as two-level (AND-OR) dual-rail logic. It results in not only high complexity of the circuit implementation (in sense of the area), but also in a low speed, since each simple gate (single level structure) is implemented as a two-level (C-OR) structure.
In the method we propose in this paper, the function is decomposed into a network of general nature nodes using a tool intended for the synchronous logic synthesis (ABC [17] ). Then each node is implemented as DIMS or in Direct Logic [11] . Experiments show clearly, that our method results in reducing both the implementation area and delay.
The paper is organized as follows: after some preliminaries, different dual-rail asynchronous logic implementations are described in Section III. The motivation for our investigation is presented in Section IV. Section V contains the experimental results justifying the efficiency of the proposed method. These results are discussed in Section VI. Section VII concludes the paper.
II. PRELIMINARIES

A. Multi-Level Single-and Dual-Rail Representations
Let F = {f 1 , f 2 , …, f q } be an asynchronous multi-output function of n inputs X: X = {x 1 Generally, an asynchronous logic should be capable: 1) to recognize the moment when a new input state (generated by the environment) appears on the inputs and the moment when the circuit generates a new output state in response to the input one;
2) to notify the environment on new input and output states. After receiving the notification, the environment can generate the next input state. To solve this problem, inputs/outputs are implemented using a dual-rail representation.
In dual-rail logic ( (1) = y c (0) = 1 is not allowed. As a result, each dual-rail function y c (1) , y c (0) depends on 2k or less inputs. To change the input state, the environment should reset it first to the space state and after that set it to the proper working state. In the reset phase, the output state changes from the working state to the space one and in the set phase the new output state is recognized.
Each node positive and negative function can be represented in a Sum-Of-Products (SOP) form. If each term contains exactly k literals, we call such a representation as a Sum-Of-Minterms (SOM).
Example: Suppose a 2-input XOR node function, where SOP and SOM representations concise: y = z 1 z 2 ' +z 1 'z 2 , where z 1 ', z 2 ' denote complements of z 1 , z 2 respectively. In dual-rail logic, the single-rail node is split into two nodes with the functions as follows:
Note, that the single-rail node function depends on two variables, however the function in dual-rail depends on four variables.
B. Strong and Weak Constraints
In the fundamental mode, the asynchronous logic operates under so called strong or weak constraints [8] . Timing diagrams depicting behavior rules under strong and weak constraints are presented in Fig. 3 . The diagrams depict the input X and output F state changes in time t along with input/output states dependency. Each input and output may be either in a working (high level) or a space (low level) state. Vertical shading depicts time intervals, where input and output states are going from the space to a working state and vice versa.
Under the strong constraints (Fig. 3a) , the behavior rule is as follows:
1. If all inputs are in the space state, then all outputs are going to the space state;
2. If all inputs are in a working state, then all outputs are going to a working state.
Therefore, under the strong constraints, the function block outputs are changed once all inputs are in a working or space state. Within the two-level representation, the term minimization is not allowed. Under the weak constraints (Fig. 3b) As a result, some outputs may not change their state until all inputs change their state. The method of reducing the implementation complexity based on the literal minimization was proposed in [18] .
The method proposed in this paper is based on the logic behavior under the strong constraints.
III. IMPLEMENTATIONS
A. DIMS Logic
A two-level DIMS implementation of asynchronous logic, where both positive and negative functions should be represented as SOMs, was proposed in [9, 19] . 2 k minterms in total must be generated to represent each function in its positive and negative form. On the first level, each minterm is implemented using a C-element. For each input z i ∈ {X ∪ Y}, either the signal z i (1) or z i (0) is connected to an input of each C-element. The second level is implemented using OR gates. The C-element is a strongly indicating logic: its output signal switches on/off once all its input signals switch on/off. Therefore, the C-element output indicates whether the circuit inputs are in a working or space state. Since minterms do not intersect, only one C-element switches on/off at a time. The C-element output signal propagates through a single path to the OR gate (circuit) output. As a result, the circuit output notifies on the new input state correctly. One can easily check that DIMS operates under Seitz's strong constraints.
Example: Given the 2-input XOR function (see Section II.A). Its DIMS implementation (as two nodes) is depicted in Fig. 4 . Suppose: z 1 (1) = z 1 (0) = z 2 (1) = z 2 (0) = 0 ("all inputs are in the space state"). One can check that in this case: y (0) = y (1) = 0 ("all outputs are going to the space state"). Now suppose that the environment switches the inputs z 1 , z 2 to a working state, say 10:
(1) = 0. As a result, the C1-element output signal switches on and after propagating through the path (Fig. 4 -bold) the circuit output switches to the working state 1: y (1) = 1, y (0) = 0 ("if all inputs are in a working state, then all outputs are going to a working state"). When all inputs switch from the working state 10 to the space state, then the C1-element output switches off and therefore the output y (1) switches off ("if all inputs are in the space state, then all outputs are going to the space state"). Note, that under the strong constraints, the output state is capable of indicating all new input states (i.e., no special indication logic is required), because all new input states imply the output state. Different C-element transistor level implementations (both static and dynamic) can be found in [20] . The complexities (in terms of the number of transistors) and delays of single-output DIMS implementations of functions of different number of inputs can be found in Table I . The implementations are based on the dynamic C-element. A delay unit is the delay of the conventional inverter [11] . 
B. Direct Logic
Within this approach, C-elements and output OR gates are merged and implemented as a single CMOS gate containing p-and n-transistors. The implementation of a XOR function is shown in Fig. 5 [11] . The p-transistors establish a path between the power supply and the outputs when all inputs are in the space state. It requires 2k p-transistors (where k is the number of input variables in the dual-rail logic). The n-transistors are arranged as a tree structure. It reduces the number of n-transistors required.
The complexity of the direct logic that is implemented based on the structured n-transistor tree is shown Table II [11] . One can see that the direct logic complexity is significantly less than the two-level DIMS one. In contrast to standard CMOS gates, in the direct logic gate there are different delays for each input. The respective maximum gate delays were copied from [11] and are shown in Table II , too. These are slightly less, than in the case of two-level DIMS. The number of stack transistors increases with the growing number of inputs. As a result, the logic operates slower. The problem may be avoided by the decomposition into multi-output nodes, where inputs indication is distributed between different outputs. Such a logic operates under the weak constraints. The implementation based on the multi-output nodes will be considered in a future.
IV. MOTIVATION
Suppose that the circuit (Fig. 6a) is represented as a network of 2-input NAND gates. Following the conventional methods, each NAND gate should be implemented using DIMS or direct logic. The complexity of 2-input NAND implemented in direct logic is 22 transistors (see Table II ). Therefore, the circuit will be implemented using: 22*4 = 88 transistors. However, a group of NAND gates can be extracted and transformed into a three-input complex (AND-OR) node (Fig. 6b) . Such a node can be implemented as one three-input gate. Its complexity is 34 transistors (see Table II ). As a result, the circuit (Fig. 6b) total complexity is 56 transistors. Based on this observation, we propose a method that comprises of the following steps: 1) a Boolean network of complex nodes (instead of simple gates) with a given number of inputs is synthesized; 2) dual-rail network is constructed; 3) each complex node is implemented as DIMS or in direct logic. Standard tools for synchronous synthesis may be used for the first step, since no limitations involved by the final asynchronous implementation are imposed here.
V. EXPERIMENTAL RESULTS
A. Experimental Background
In order to justify our claims and to show the advantages of the proposed method, we have conducted numerous experiments. We have processed benchmarks from the MCNC [21] , ISCAS'85 [22] and ISCAS'89 [23] sets, 228 circuits altogether. The synthesis was performed by ABC [17] . The benchmarks were synthesized by using an extended choice script (Fig. 7) , followed by technology mapping. The technology mapping was performed both by the ABC fpga command mapping the circuit into look-up tables (LUTs) of a given size, and by the ABC map command. In the latter case, the default ABC standard cell technology library (MCNC) is used, as well as a mapping into NAND gates with a given number of inputs (k-NAND) is performed. The synthesis process was iterated 20-times, to reach better quality for an affordable cost of runtime.
As a result of the synthesis, a Boolean network described in Blif [24] , i.e., a network of AND-OR nodes, is obtained.
The LUT mapping serves as an optimum way to perform the synthesis into complex gates, since the synthesis process treats LUTs as arbitrary k-input gates.
The number of NAND gates inputs, as well as complex node inputs, varied from 2 to 6. The limit of maximum 6 NAND inputs was chosen because more-input gates are being used in physical designs rarely. The limit of 6 inputs for complex nodes was determined by synthesis limitations of ABC.
The NAND implementation was chosen because of its simplicity and, more importantly, generality. The circuit is synthesized by ABC as a network of NAND gates and inverters. In the dual-rail logic, inverters are not needed, since complemented signals are provided directly. As a result, in dual-rail logic the NAND mapping fully represents and substitutes any simple gate (AND, OR, NAND, NOR) mapping. Mapping into more complex gates, like XORs, or-and-invert (OAI), and-or-invert (AOI), etc., is represented by the standard cell mapping.
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B. Area Comparison of Implementations
In this Section, we present a comparison of DIMS-based implementations obtained in different ways. Particularly, the influence of the node inputs limit on the resulting area will be discussed.
First, the k-input complex nodes (k-CN) DIMS implementation (Section III.A) is compared with the conventional one, where each simple gate is implemented as a two-level DIMS [10, 13] .
The comparison results are shown in Table III . The benchmarks were synthesized, as described in the previous subsection, using the standard cell ABC technology library ( "SC" row), k-NAND gates ("k-NAND" columns), and k-input complex nodes ("k-CN" rows). One can see that the 2-input complex nodes DIMS implementation is the most area-efficient one here.
Second, k-input nodes are implemented using k-input direct logic complex gates (k-CG) (Section III.B) and the result is compared with the conventional and NCL implementations [25] (Table IV) . The NCL logic was synthesized by the same process as 2-CG, since the NCL library is restricted to 4-input gates at most. Thus, any 2-input gate in dual-rail logic can be implemented in NCL.
Total numbers of transistors for given implementations are shown in the respective Table IV rows/columns, together with their percentage comparisons, in terms of area reduction. We can see that the 3-CG implementation is the most efficient.
The complexity measurements are summarized in Table V , in a different way. Here the total sums of the numbers of transistors are shown. The percentage of benchmarks, for which the respective method gave the best result, is shown in the column "Best in". Note that the summary percentage value exceeds 100%. This is because two or more methods produced equal results in some cases.
C. Delay Considerations
In this section we study the delays of the circuits implemented based on complex nodes and NCL. In case of two-level DIMS, each node was assigned its respective delay (see Table I .) and then the circuit was topologically traversed from its inputs to outputs, to calculate its real maximum delay. The computed numbers of the circuit levels and maximum circuit delays, together with the percentage delay comparison, are shown in Table VI .
Since a direct logic gate delay depends on the number of its inputs (see Subsection III.B), the number of the circuit levels (its critical path length) is not a credible delay estimation, since there may appear gates having less inputs than is the given k threshold (k-NAND, k-CG). Therefore we had to analyze the circuits more thoroughly to calculate the delay upper bound. The delay estimation results are shown in Table VII .
D. Detailed Experimental Results
A detailed experimental evaluation of the direct logic implementations, for a set of the "biggest" 20 of the 228 benchmarks, is shown in Table VIII . The 3-CG direct logic implementation is compared with the state-of-the-art 2-NAND direct logic, DIMS 2-CN and NCL implementations. Numbers of transistors and maximum delays are shown for all these implementations. The delays are given in terms of units of the conventional inverter delay. The "Total" row shows total sums of all the 228 benchmarks.
VI. DISCUSSION
As for the DIMS implementation, experiments have shown that the 2-input complex nodes implementation (Table III) is the most area-efficient one. The DIMS nodes complexity grows exponentially with the number of their inputs (see Table I .). Therefore, even though implementations using more-input gates require less nodes, their complexity (in terms of the number of transistors) is too high. The only difference between the 2-NAND and 2-CN implementations is that XOR gates are allowed in 2-CN. Since the implementation costs of all 2-input nodes in DIMS are equal, the 2-CN implementation naturally must have equal or less complexity than the 2-NAND one for any circuit. Therefore, the results obtained could have been expected.
Conversely, in the direct logic, the 3-CG implementation has been found the most area-efficient one. This can be explained by the construction of the direct logic gates; due to the tree-shaped n-transistor structures (see Fig. 5 ), the complexity of the gates does not grow exponentially with the number of inputs. The results shown in Table V verify, that the best way of an asynchronous implementation of most of the circuits is the mapping into 3-input, possibly 4-input complex gates. The conventional NAND-gate mapping has been found to be surprisingly inefficient.
The NCL implementation requires less transistors than the 2-CG direct logic one, however, 3-and 4-CG implementations require less transistors than NCL. Partially, the latter is because in the direct logic, two complex gates (for both rails) are implemented as a whole and the n-transistor tree structure is designed to reduce the number of n-transistors required for the implementation. On the other hand, the NCL complexity can be reduced if the dual-rail logic literal (instead of single-rail input) decomposition procedure is applied. Such an approach was sketched out in [25] and its effectiveness was demonstrated on a few simple examples. The approach should be formalized and automated.
The delay of DIMS implemented circuits increases with an increasing number of node inputs (see Table VI .). Even though the number of levels of the 3-and 4-input gate implementations have less levels, this delay benefit is surpassed by a rapid increase of the DIMS gates delays, when increasing the number of their inputs. Therefore, the 2-CN implementation becomes the most delay-efficient one as well.
In the direct logic case, there is an apparent delay minimum for the 3-CG implementation (see Table VII ). This is because the 4-and more-input complex gate delays surpass the advantage of having less circuit levels. As a result, the 3-CG implementation becomes the most efficient implementation, both in the area and delay.
In an overall comparison of the three studied implementations (DIMS, direct logic, NCL), the 3-CG implementation using direct logic becomes the most efficient one, both in the area and delay.
VII. CONCLUSION
We have proposed several asynchronous circuits synthesis processes and evaluated the quality of their results on standard benchmark circuits. DIMS, Direct logic and NCL implementations were considered.
All the studied processes are based on an initial decomposition of original functions into a Boolean network of NAND gates or complex nodes (nodes implementing an arbitrary function) of a given number of inputs and further implementation of each such node as a two-level DIMS or a single CMOS direct logic gate.
We have shown experimentally, that the most efficient (both in area and speed) DIMS implementation, is by using 2-input complex gates. This is, however, no big surprise.
As for the direct logic implementation, 3-input complex gates implementation has been found as the most efficient way of synthesis (again, both for area and delay). This observation is the main contribution of the paper; up to the knowledge of the authors, the state-of-the-art here is the implementation using standard 2-input gates, as it is in the DIMS-based logic. However, implementation using 3-input complex nodes reduces both the numbers of the synthesized circuit nodes and levels. In contrast to this, increasing the number of gate inputs involves a higher gate area and delay. Judging these two contradictory aspects, we have found a local minimum in the 3-input node implementations.
In comparison with the 2-input direct logic implementation, the 3-input complex gate implementation reaches 21% reduction in both area and 19% delay in average. When compared to the Null Convention Logic (NCL), the 3-input complex gate direct logic implementation reaches 10% area and 19% delay reduction.
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